Purpose: Folate deficiency and reduced DNA repair capacity are established risk factors for squamous cell carcinoma of the head and neck (SCCHN). We hypothesized that polymorphisms of the thymidylate synthase (TYMS) gene, which regulates a key enzyme in folate metabolism required for DNA synthesis and repair, are associated with SCCHN risk.
INTRODUCTION
Squamous cell carcinoma of the head and neck (SCCHN), which includes cancers of the oral cavity, pharynx, and larynx, is the sixth most common cancer and the seventh leading cause of cancer-related death in the world, affecting Ͼ500,000 individuals each year worldwide (1) . In the United States, it was estimated that there would be 38,530 newly diagnosed SCCHN cases and 11,060 SCCHN-related deaths in 2004 (2) . Although tobacco smoking and alcohol use are the primary risk factors for SCCHN (3) , only a fraction of individuals exposed to tobacco or alcohol develops SCCHN, suggesting that individual susceptibility to exposure-related carcinogenesis varies.
Low dietary intake of fruits and vegetables has been implicated in SCCHN risk (4, 5) . Folate, as one of the constituents in fruits and vegetables, may provide protection against SCCHN (5) . Several key enzymes, including thymidylate synthase (TYMS; EC2.1.1.45), are known to be involved in folate metabolism (6, 7) . The TYMS gene, which is located at chromosome 18p11.32, catalyzes the conversion of dUMP to dTMP using the 5, 10-methylenetetrahydrofolate as a methyl donor (7) . This reaction is the de novo source of cellular thymidine, which is essential for the provision of nucleotides required for DNA synthesis and repair. It is also a primary target for 5-fluorouracil, the most common chemotherapy agent used to treat many cancers including SCCHN (8) . Thymidylate stress may cause chromosomal breakage and fragile sites induction (9, 10) , which may ultimately modulate susceptibility to cancer.
The TYMS gene has a promoter enhancer region (TSER, thymidylate synthase in the 5Ј-untranslated enhancer region) polymorphism in the 5Ј-untranslated region, containing either double (2R) or triple (3R) tandem repeats of a 28 base-pair (bp) sequence (11) . In vitro and in vivo studies have revealed that the number of the tandem repeats can affect TYMS expression activity and protein translation efficiency (11) (12) (13) . TSER is considered an important functional polymorphism of the TYMS gene, because it modulates plasma folate and homocysteine levels (14, 15) , suggesting that the TSER polymorphism may be a risk factor of cancer. Several studies have investigated the association between the TSER polymorphism and risk of cancer, but the results were mixed (16 -19) .
Recently, a novel polymorphism of the TYMS gene, a 6-bp deletion/insertion at bp 1494 in the 3Ј-untranslated region (TS3ЈUTR, thymidylate synthase in the 3Ј-untranslated region) smoking Ͼ1 year previously were defined as former smokers and the other smokers as current smokers. After the subjects signed informed consent forms, each subject donated 30 mL of blood, which was collected into a heparinized tube. A leukocyte cell pellet obtained from a buffy coat was used for DNA extraction with a DNA blood mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The research protocol was approved by The University of Texas M. D. Anderson Cancer Center and Kelsey-Seybold Clinic institutional review boards.
Genotyping. PCR and PCR-based restriction fragment length polymorphism assays were used to identify the TSER and TS3ЈUTR polymorphisms, respectively. The primers of the TSER polymorphism were 5Ј-GTGGCTCCTGCGTTTCCCCC-3Ј (forward) and 5Ј-GGCTCCGAGCCGGCCACAGGCATGGCGCG-G-3Ј (reverse; ref. 12), which generated 243-bp (triple repeats ϭ 3R) and 215-bp (double repeats ϭ 2R) fragments. The primers of the TS3ЈUTR polymorphism were 5Ј-CAAATCTGAGGGAGCT-GAGT-3Ј (forward) and 5Ј-CAGATAAGTGGCAGTACAGA-3Ј (reverse; ref. 6), which generated 152-bp fragment for 6-bp deletion (i.e., 0bp) or 158-bp for 6-bp insertion (i.e., 6bp) of the TS3ЈUTR polymorphism. The fragments of the TSER polymorphism were amplified in 20 L of reaction mixture containing approximately 50 ng of genomic DNA template, 12.5 pmol of each primer, 10% DMSO, 0.1 mmol/L of each deoxynucleoside triphosphate, 1 ϫ PCR buffer (50 mmol/L KCl, 10 mmol/L Tris-HCl, and 0.1% Triton X-100), 1.5 mmol/L MgCl 2 , and 1.5 units of Taq polymerase (Sigma-Aldrich Corp., St. Louis, MO). The fragments of the TS3ЈUTR polymorphism were amplified in the same cycling condition as that of the TSER polymorphism but without 10% dimethyl sulfoxide. The PCR amplification parameters of these two polymorphisms were as follows: 5-minute denaturation cycle at 95°C; 35 cycles of 95°C for 30 seconds, 63°C for 45 seconds, and 72°C for 1 minute; and a final extension at 72°C for 10 minutes.
The restriction enzyme DraI (New England BioLabs, Inc., Beverly, MA) was used to distinguish the TS3ЈUTR polymorphism, in which the presence of the 6-bp insertion creates a DraI restriction site, and the expected fragment sizes were 88 bp and 70 bp (Fig. 1B) . The 158-bp band in the heterozygous TS3ЈUTR Fig. 1 (6) . The PCR-amplified fragments of the TSER polymorphism and the digestion products of the TS3ЈUTR polymorphism were separated on 3% NuSieve 3:1 agarose gel (Cambrex Bio Science Rockland, Inc., Rockland, ME; Fig. 1A and B) . More than 10% of the samples were randomly selected for repeated assays, and the results were 100% concordant.
Statistical Analysis. We used the 2 test to evaluate differences between the cases and controls in the frequency distributions of selected demographic variables, smoking status, alcohol use, and each allele and genotype of the TSER and TS3ЈUTR polymorphisms. Univariate and multivariate logistic regression analyses were used to obtain the crude and adjusted odds ratios (ORs) and 95% confidence intervals (CIs). The multivariate adjustment included age, sex, smoking status, and alcohol use. The genotype data were further stratified by subgroups of age, sex, smoking status, and alcohol use. Considering potential interactions between the TSER and TS3ЈUTR polymorphisms on risk of SCCHN, we evaluated any potential association between SCCHN risk and the combined genotypes of these two polymorphisms. We determined all tests of statistical significance two sided at the level of P Ͻ 0.05 by using SAS software, version 8.2 (SAS Institute, Inc., Cary, NC).
RESULTS
Characteristics of the Study Population. The frequency distributions of selected characteristics of the cases and controls are presented in Table 1 . The mean age was 57 years (Ϯ11.8; range, 18 -90 years) for the cases and 56.7 years (Ϯ11.5; range, 20 -87 years) for the controls, and the difference was not statistically significant (P ϭ 0.122). The distribution of sex was also similar between the cases and controls (P ϭ 0.26). However, the frequency matching on smoking status was imperfect: i.e., there were more current smokers (34.7%) and current drinkers (51.3%) among the cases than among the controls (26.3 and 44.4%, respectively), and these differences were statistically significant (P Ͻ 0.001 for both tobacco and alcohol use; Table 1 ). Therefore, these variables were further adjusted for in the logistic regression analysis. Table 2 . Because the controls were selected from different sources, the distributions of the genotypes were compared between the cases and three groups of controls: the M. D. Anderson Cancer Center, the Kelsey-Seybold Clinic, and the two groups combined. We did not find any differences in the genotype distributions between the M. D. Anderson Cancer Center and the Kelsey-Seybold Clinic control groups (P ϭ 0.883 for the TSER and P ϭ 0.395 for TS3ЈUTR; data not shown). Nevertheless, we present the results from the analyses of the combined controls as well as the M. D. Anderson Cancer Center and the Kelsey-Seybold Clinic controls separately.
In this study, we identified three cases (0.4%) and four controls (0.4%) with the TSER 4R allele (data not shown, Fig. 1A ). But because they were rare, these seven subjects with the 4R allele were not included in the final analyses so that our results would be comparable with those of previously published reports (18) .
As shown in Table 2 , the genotype frequencies of the TSER polymorphism were 26.1, 53.2, and 20.7% for 3R3R, 2R3R, and 2R2R, respectively, among the cases and 28.8, 48.5, and 22.7%, respectively, among the controls. This difference was not statistically significant (P ϭ 0.158). The difference was not significant for M. D. Anderson controls (P ϭ 0.256) or for KelseySeybold controls (P ϭ 0.258). The genotype frequencies of the TS3ЈUTR polymorphism were 48.1, 44.2, and 7.7% for the 6bp/6bp, 6bp/0bp, and 0bp/0bp, respectively, among the cases and 47.7, 41.1, and 11.2%, respectively, among the controls, and the difference was statistically significant (P ϭ 0.039). However, a similar difference was observed for the Kelsey-Seybold controls (P ϭ 0.023) but not for the M. D. Anderson controls (P ϭ 0.15). This may be because the Kelsey-Seybold controls were selected based on the need for older male smokers for our frequency matching. For part of the study design, it was appropriate to combine the Kelsey-Seybold controls with the M. D. Anderson controls to reduce possible selection bias as well as to increase statistical power for further comparisons with the cases.
In the present study, the TSER 2R and TS3ЈUTR 0bp allele frequencies were 0.473 and 0.298, respectively, among the 704 cases and 0.469 and 0.318, respectively, among the 1,085 controls; these differences were not statistically significant (P ϭ 0.84 for the 2R; P ϭ 0.318 for the 0bp allele; Table 2 ). The genotype distributions of the TSER and TS3ЈUTR polymorphisms among subjects in the combined control group were in agreement with the Hardy-Weinberg equilibrium ( 2 test: P ϭ 0.379 for the TSER, P ϭ 0.085 for the TS3ЈUTR).
Associations and the Stratification Analysis of TYMS Polymorphisms and SCCHN Risk. When we used the TSER 3R3R genotype as the reference, the 2R3R genotype was associated with a borderline increased risk of SCCHN [adjusted odds ratio (OR) ϭ 1.23, 95% confidence interval (CI) ϭ 0.98 -1.55]; however, there was no significant association between the 2R2R genotype and SCCHN risk (OR ϭ 1.01, 95% CI ϭ 0.77-1.33). When we used the TS3ЈUTR 6bp/6bp genotype as the reference, the 0bp/0bp, but not the 6bp/0bp genotype, was associated with a statistically significantly decreased risk of SCCHN (adjusted OR ϭ 0.67, 95% CI ϭ 0.47-0.94 for the 0bp/0bp; OR ϭ 1.07, 95% CI ϭ 0.87-1.31 for the 6bp/0bp; Table 2 ). These risk estimates were very close to those obtained from comparisons with either the Kelsey-Seybold or the M. D. Anderson control groups, but the combined controls provided a much greater study power, which allowed for further stratification analyses (Table 3) .
In the stratification analysis for the TSER polymorphism, a significantly increased risk of SCCHN was associated with the 2R3R genotype and was confined to never smokers (adjusted OR ϭ 1.59, 95% CI ϭ 1.03-2.46) compared with the 3R3R genotype. For the TS3ЈUTR polymorphism, a significantly decreased risk of SCCHN was associated with the 0bp/0bp genotype and was confined to older subjects (Ͼ55 years; adjusted OR ϭ 0.52, 95% CI ϭ 0.32-0.84) and never smokers (OR ϭ 0.47, 95% CI ϭ 0.22-0.99), compared with the 6bp/6bp genotype. When stratified by tumor site, only the TSER 2R3R genotype was associated with a significantly increased risk of squamous cell carcinoma of the pharynx (adjusted OR ϭ 1.34, 95% CI ϭ 1.00 -1.80), compared with the 3R3R genotype. For the TS3ЈUTR polymorphism, although there were more 6bp/6bp genotypes among subjects with oral cancer (53.7%) than among subjects with pharyngeal and laryngeal cancer (46.2 and 44.4%, respectively), there was no significant association between the TS3ЈUTR polymorphism and SCCHN risk for these three tumor sites (Table 3 ). These findings are limited because of the reduced number of observations in each subgroup analyzed.
Combined Analysis of Association between the Two TYMS Polymorphisms and SCCHN Risk. Among the 1,085 controls, the TSER and TS3ЈUTR polymorphisms were in linkage disequilibrium (P Ͻ 0.001). Although all genotype combinations were observed, 32.3% of subjects with the TSER 3R3R genotype had the TS3ЈUTR 6bp/6bp genotype and 25.6% had the TS3ЈUTR 0bp/0bp genotype; however, the TSER 3R3R genotype was not as associated with SCCHN risk as the TS3ЈUTR 6bp/6bp genotype was, suggesting incomplete disequilibrium between these two polymorphisms. On the basis of the number of protective alleles of the TSER and TS3ЈUTR polymorphism (the TSER 3R and TS3ЈUTR 0bp alleles), we dichotomized the individuals into five genotype groups: (a) the TSER 2R2R and TR3ЈUTR 6bp/6bp (0 protective allele of either gene); (b) the TSER 2R3R and TS3ЈUTR 6bp/6bp or TSER 2R2R and TS3ЈUTR 6bp/0bp (only 1 protective allele); (c) TSER 3R3R and TS3ЈUTR 6bp/6bp or TSER 2R3R and TS3ЈUTR 6bp/0bp or TSER 2R2R and TS3ЈUTR 0bp/0bp (2 protective alleles); (d) TSER 3R3R and TS3ЈUTR 6bp/0bp or TSER 2R3R and TS3ЈUTR 0bp/0bp (3 protective alleles); and (e) TSER 3R3R and TS3ЈUTR 0bp/0bp (4 protective alleles). As shown in Table 4 , the frequencies of the combined genotypes were 15.5, 29.7, 33.5, 17.0, and 4.3% for the groups with zero, one, two, three, and four protective alleles, respectively, among the cases and 15.9, 28.6, 32.6, 9.4, 15.5, and 7.4%, respectively, among the controls. However, the difference was not statistically significant (P ϭ 0.102). Compared with the group with zero protective alleles (the 2R2R/6bp/6bp genotype), the group with four protective alleles (the 3R3R/0bp/0bp genotype) had a significantly decreased risk of SCCHN (adjusted OR ϭ 0.60, 95% CI ϭ 0.37-0.98) as assessed in the multivariate logistic regression analysis, but the trend of decreasing risk was not statistically significant (P ϭ 0.343; Table 4 ).
TSER and TS3UTR Polymorphisms and Progression of SCCHN. Because the TSER 2R3R and TS3ЈUTR 0bp/0bp genotypes were distributed differently by tumor site, we hypothesized that these genotypes may also be distributed differently by overall tumor stage (I to IV as described in "Materials and Methods"). Each stage level was related to a different tumor stage (T 1-4 ), nodal status (N 0 -3 ), and distant metastases (M 0 -1 ) rating. There was no significant association between these two polymorphisms and overall stage of the pharyngeal and laryngeal cancers (because few subjects had these polymorphisms; data not shown). However, when we used the TS3ЈUTR 6bp/6bp as the reference, we found that the TS3ЈUTR variant genotypes (6bp/0bp and 0bp/0bp) were associated with a decreased risk of overall stage IV oral cancer (adjusted OR ϭ 0.84, 95% CI ϭ 0.52-1.34 for 6bp/0bp and adjusted OR ϭ 0.26, 95% CI ϭ 0.08 -0.87 for 0bp/0bp) in an allele dose-dependent manner (P trend ϭ 0.035). However, the trend of decreasing risk was not evident for the cases with an overall stage of I to III oral cavity cancer or for the TSER polymorphism (Table 5) .
DISCUSSION
In this study, we found that the TS3ЈUTR 0bp/0bp genotype was associated with a significantly decreased risk of SCCHN compared with the 6bp/6bp genotype, but the TSER polymorphism had no main effect on the risk of SCCHN. When we evaluated the two polymorphisms together by the number of protective alleles (the TSER 3R and TS3ЈUTR 0bp alleles), we found that the combined genotypes with four protective alleles (the TSER 3R3R and TS3ЈUTR 0bp/0bp) were associated with significantly decreased SCCHN risk. In addition, the TS3ЈUTR 0bp genotypes were associated in an allele dose-dependent manner with a decreased risk of overall stage IV oral cancer. These findings suggest that the TSER and TS3ЈUTR polymorphisms are associated with SCCHN risk. The TSER 3R and TS3ЈUTR 0bp alleles seemed to jointly protect against SCCHN. In particular, the 0bp allele seemed to protect against oral cancer progression.
Recent studies on the association between the TSER polymorphism and cancer risk found that individuals with the TSER 2R3R and 3R3R genotypes were protected against adult acute lymphocytic leukemia compared with those with the 2R2R genotype (17) . Similarly, individuals with at least one TSER 2R allele had a significantly increased risk of malignant lymphoma compared with those without the 2R allele (16) . However, other studies did not find a significant association between the TSER polymorphism and risk of colorectal adenomas (18, 19) . In the present study, although the 2R3R genotype was associated with a borderline increased risk of SCCHN and with a significantly increased risk of pharyngeal cancer, the lack of an overall association between the TSER polymorphism and the risk of SCCHN diminishes the importance of any findings for this subgroup without supportive biological mechanisms.
The 3Ј-untranslated region of a gene is generally not translated into proteins, but it is thought to play an important role in maintaining mRNA stability (6, 20) , which may indirectly affect protein expression. Several studies found that the TS3ЈUTR polymorphism was not associated with cancer risk (15, 18, 21) .
In the present study, we found that the subjects with the TS3ЈUTR 0bp/0bp genotype had a 33% decreased risk for SCCHN than did those with the 6bp/6bp genotype, suggesting that the TS3ЈUTR polymorphism had a main effect on SCCHN risk. This decreased risk was more pronounced among older never smokers, which is not consistent with data on other cancers published previously (15, 18, 21) . Our data suggest that the TS3ЈUTR polymorphism plays an important role in the etiology of SCCHN. Because this is the first such report on SCCHN, larger and preferably prospective studies are needed to verify these findings. Although the TSER polymorphism was in linkage disequilibrium with the TS3ЈUTR polymorphism, it was not independently associated with risk for SCCHN. This was described previously as "imperfect" disequilibrium (18) . However, our data suggest that the TSER polymorphism may interact with the TS3ЈUTR polymorphism in the etiology of SCCHN, because when the TSER and TS3ЈUTR polymorphisms were combined by the number of protective alleles, the SCCHN risk was significantly decreased, especially for the combined genotypes with four protective alleles. Thus, our data suggest that these two TYMS polymorphisms may jointly provide protection against SCCHN. Because the interactions among folate-related genes, folate, and related dietary factors in tumorigenesis are complex (7, 25) , this possible gene-gene interaction and the mechanisms under which these polymorphisms affect risk of SCCHN warrant additional investigations.
Recent studies have reported that the TS3ЈUTR polymorphism may affect TYMS mRNA stability and tumor mRNA level (20) , and the 6bp/6bp genotype significantly increases the tumor mRNA level compared with the 0bp/0bp genotype (6). Several studies have also shown that overexpression of the TYMS protein is associated with resistance to 5-fluorouracilbased treatment and, thus, may lead to poor survival (12, 26, 27) . In the present study, we found that the TS3ЈUTR 0bp genotype was associated with a decreased risk of overall stage IV oral cavity cancer in a dose-dependent manner. Because the sample size in the subgroup was relatively small and therefore had limited statistical power, this finding needs to be investigated in future studies. A primary shortcoming of this study was the lack of detailed data on the alcohol and dietary intake of subjects as well as their serum levels of folate and the precursors or metabolites of folate such as homocysteine, because the effect of variations in folate metabolism genes on cancer risk depends on alcohol and folate intake status (18) . Because our study was hospital based, there are inherent limitations in our study design that could have introduced selection bias, compared with population-based or cohort studies. However, the genotype distributions in our study population were similar to reported distributions of other studies. For instance, the frequencies of the TSER 3R3R, 2R3R, and 2R2R genotypes among our 1,085 Texas non-Hispanic white controls were 28.8, 48.5, and 22.7%, respectively, compared with 26, 52, and 21%, respectively, of 625 Minnesota population-based controls, of whom 97% were Caucasians (18) and 29, 48, and 23%, respectively, of 454 Physicians' Health Study cohort controls, of whom 93% were Caucasians (15) . Also, the frequencies of the TSЈUTR 6bp/6bp, 6bp/0bp, and 0bp/0bp genotypes among our 1,085 controls were 47.7, 41.1, and 11.2%, respectively, compared with 50, 40, and 10%, respectively, of the 625 Minnesota controls (18) , and 44, 42, and 14%, respectively, of the 454 Physicians' Health Study controls (15) . Because the TYMS genotype frequency estimates from our hospital-based controls are between those of population-based and cohort-based controls, the selection bias in genotype distribution, if any, is unlikely to be substantial.
In conclusion, we found a significant association between the TS3ЈUTR polymorphism and SCCHN risk in a relatively large, hospital-based, case-control study. The protective alleles of these two polymorphisms (the TSER 3R and TS3ЈUTR 0bp alleles) seemed to jointly protect against SCCHN; in particular, the TS3ЈUTR 0bp allele may protect against overall stage IV oral cavity cancers. However, larger studies are needed to verify our findings. 
